Abstract The large-scale validation and highthroughput genotyping of numerous informative genic microsatellite markers are required for association mapping to identify candidate genes for complex quantitative traits in chickpea. However, the screening and genotyping of such informative markers in individual genotypes/whole association panels for trait association mapping involves massive costs in terms of resources, time and labour due to low genetic polymorphism in chickpea. We have developed an alternative time-saving and cost-effective pool-based trait association mapping approach by combining pooled DNA analysis (with 616 genic microsatellite markers) and individual genotype (large structured association panel) genotyping. Using this approach we have identified seven seed weight-associated transcription factor gene-derived microsatellite markers (with minor allele frequency [15 %) in desi and kabuli chickpea. Strong marker allele effects of these five transcription factors with increasing seed weight in the contrasting desi and kabuli genotypes were evident. Bi-parental linkage mapping using 241 of the informative gene-based microsatellite markers resulted in the identification and mapping of nine such markers linked with three major quantitative trait loci (explaining a total phenotypic variance of 23.5-34.7 %) on chromosomes 1 (CaqSW1.1: 73.5-74.5 cM and CaqSW1.2: 79.3-81.3 cM) and 2 (CaqSW2.1: 65.7-67.5 cM) controlling 100-seed weight in chickpea. The integration of pool-based trait association mapping with differential expression profiling, traditional bi-parental linkage mapping and high-resolution microsatellite-single nucleotide polymorphism marker-based haplotyping/linkage disequilibrium mapping delineated four transcription factor genes (DUF3594, bZIP, DUF1635 and SBP) controlling seed weight in desi and kabuli chickpea. The strategies implemented in our study can be used in large-scale trait association mapping for the rapid identification of candidate genes and in the development of functional markers for traits of agricultural importance in crop species including chickpea.
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Introduction
The genome-wide and candidate gene-based association analysis/linkage disequilibrium (LD) mapping strategy involving the use of informative microsatellite and single nucleotide polymorphism (SNPs) markers has proven to be an effective approach for dissecting the simple qualitative and complex quantitative traits in many plant species, including legumes (Jun et al. 2008; Zhu et al. 2008; Yan et al. 2009; Atwell et al. 2010; Cockram et al. 2010; Hall et al. 2010; Huang et al. 2010; Shi et al. 2010; Hou et al. 2011; Li et al. 2011; Zhao et al. 2011; Jia et al. 2012; Riedelsheimer et al. 2012; Sakiroglu et al. 2012; Upadhyaya et al. 2012) . In chickpea, as has been found in other self-pollinated crop species, extended chromosomal LD decay along with low-resolution genome-wide LD mapping is anticipated. Consequently, candidate gene-based association mapping could be an attractive, rapid, and inexpensive approach for identifying markers associated with genes/quantitative trait loci (QTLs) controlling the agronomic traits in chickpea (Haseneyer et al. 2010; Huang et al. 2010; Zhao et al. 2011; Varshney et al. 2012; Kujur et al. 2013 ). However, the success of any systematic analysis and of such a candidate genebased association mapping/high-resolution gene-specific LD mapping approach specifically for identifying complex quantitative traits in crops like chickpea requires large-scale validation and high-throughput genotyping of numerous genic microsatellite and SNP markers derived from different coding and non-coding (upstream regulatory regions) sequence components of the genes among a phenotypically and genotypically diverse contrasting germplasm sets/association panel. In recent years, the availability of highly multiplexed, efficient, robust and high-throughput next-generation sequencing and genotyping platforms, such as the Roche 454 Pyrosequncer, ABI SOLiD, Illumina Solexa Genome Analyser, ABI Automated DNA fragment Analyser (Applied Biosystems, Verson Hills IL; http:// www.appliedbiosystems.com), Illumina GoldenGate/ Infinium assay (Illumina, San Diego, CA; http://www. illumina.com), Competitive Allele Specific PCR (KASPar) (KBiosciences, Hertfordshire, UK; http:// www.kbioscience.co.uk) and restriction site-associated (RAD)-based genotyping by sequencing (GBS) assay have specifically expedited large-scale genome-wide microsatellite and SNP marker validation and genotyping in many useful genes encoding expressed sequence tags (ESTs)/transcripts of chickpea (Nayak et al. 2010; Gujaria et al. 2011; Hiremath et al. 2011 Hiremath et al. , 2012 Choudhary et al. 2012; Jain et al. 2013; Varshney et al. 2013) . Among the assays currently available, microsatellite marker-based automated fragment analysis usually involves relatively high costs due to the fluorescent dye labeling of numerous primers and the need for specific commercial size standards for largescale genotyping. In addition, the deployment of such a high-throughput microsatellite marker genotyping assay requires laboratories with sophisticated infrastructural facilities which are generally not affordable for most research groups. Further, due to the narrow genetic base in chickpea, large-scale genotyping of genic microsatellite markers which are derived from the conserved transcribed component of the genome usually reveals low (20-30 %) intra-and inter-specific polymorphism even in a high-resolution automated fragment analyser (Choudhary et al. 2009 (Choudhary et al. , 2012 Nayak et al. 2010; Gujaria et al. 2011; Hiremath et al. 2011) . Therefore, the high costs involved in high-throughput genotyping of a large proportion (70-80 %) of monomorphic genic microsatellite markers, which remain further unutilized for genetic studies, including trait association mapping in chickpea, appear to be a suboptimal use of resources, time and labour. Therefore, an efficient strategy is needed to reduce the costs of genotyping, particularly the costs of genotyping larger monomorphic microsatellite markers, and to screen a smaller set of appropriate and informative polymorphic markers which can be further utilized in large-scale validation and high-throughput genotyping for efficient trait association mapping in chickpea.
An integrated approach of DNA pooling and individual genotyping is a less time-consuming, nonlabourious and cost-effective strategy which has been implemented successfully in large-scale genome-wide association studies for identifying potential loci associated with qualitative and complex quantitative traits, including diseases such as schizophrenia, rheumatoid arthritis and bipolar disorder in humans (Craig et al. 2005; Steer et al. 2007; Pearson et al. 2007; Abraham et al. 2008; Baum et al. 2008; Shifman et al. 2008; Kirov et al. 2009; Zhao and Wang 2009; Diergaarde et al. 2010; Earp et al. 2011 ) and plant height and saccharification yield in sorghum . The utility of such integrated DNA pooling and individual genotyping studies has been well understood in trait association analysis: firstly, as a means to efficiently screen polymorphic and informative markers by genotyping the larger marker sets in at least two pooled DNA, with each pool representing diverse genotypes of two different contrasting phenotypic traits, and secondly, through the genotyping of individuals constituting the trait-specific pools with selected polymorphic markers (Bansal et al. 2002; Sham et al. 2002; Wang et al. 2011 Wang et al. , 2012 . However, the advantages of pool-based association studies are partially offset due to a major concern on complications/ambiguity associated with the estimation of microsatellite allele frequencies based on genotyping information from pooled DNA which contains numerous multiple and variable sized alleles in contrast to genotyping data on individual genotypes. In diploid and self-pollinated crop species like chickpea, with low intra-and inter-specific allelic variation (ranging from two to four alleles), particularly at genic microsatellite marker loci (Choudhary et al. 2009 (Choudhary et al. , 2012 Nayak et al. 2010; Gujaria et al. 2011; Hiremath et al. 2011) , the estimation of microsatellite allele frequencies from pooled DNA genotyping information would be relatively easier and simpler, even in a low-resolution agarose gel, than in other diploid/polyploid crop species showing higher genetic polymorphism by amplifying a large number of alleles at single loci and/multiple loci. Further, confirmation of the results of pooled DNA analysis through the genotyping of individual genotypes that constituted the pools in the agarose gel following automated fragment analysis would certainly provide more robust genotyping and precise allelic information, which could be utilized for trait association mapping in chickpea. Using this DNA pooling strategy in chickpea, a large proportion of monomorphic genic microsatellite markers that are ultimately of no use in trait association mapping could be screened effectively, rapidly, and easily in an agarose gel, thereby reducing the time, cost and labour involved in individual sample-by-sample genotyping of all the markers. Consequently, the candidate genebased association mapping strategy, by integrating the pooled DNA analysis with genotyping of individual genotypes/association panel using informative genic microsatellite markers, would be of great relevance and could expedite the large-scale marker validation and high-throughput genotyping, including trait association mapping, to pin down the causal genes for simple qualitative and complex quantitative traits in desi and kabuli chickpea.
The aim of the study reported here was, therefore, undertaken to evaluate the potential of integrated pooled DNA analysis and the individual genotyping approach in large-scale candidate gene-based association mapping using a freshly constituted association panel for the rapid identification of gene-derived microsatellite markers associated with 100-seed weight in chickpea. The screened seed weight-associated genic markers were further validated through traditional bi-parental linkage mapping, differential expression profiling and high-resolution gene-specific molecular haplotyping/LD mapping to identify the most informative functionally relevant candidate genes controlling seed weight in desi and kabuli chickpea.
Materials and methods

Constitution of the association panel
We previously utilized 96 germplasm lines belonging to a seed-and pod trait-specific association panel to identify transcription factor genes associated with seed size/weight, pod number per plant and seed number per plant in chickpea (Kujur et al. 2013) . In the present study, for more precise identification of the transcription factor genes specifically associated with 100-seed weight, we constructed a new association panel by selecting a large number of genotypically and phenotypically diverse desi and kabuli germplasm lines from available global germplasm collections of chickpea. This set ultimately consisted of 242 germplasm lines, including 211 minicore germplasm lines (representing [85 % diversity of total germplasm lines evaluated), which were selected from 16,991 accessions (1,956 chickpea core germplasm lines representing diverse eco-geographical regions of 58 countries of the world). The selection criteria were based on multi-locational replicated field evaluation phenotypic data on 22 morphological and seed/pod yield contributing to agronomic traits, including 100-seed weight (Upadhyaya and Ortiz 2001; Upadhyaya et al. , 2002 . In addition, in order to validate the seed weight/size-associated genes further through traditional bi-parental linkage mapping and differential expression profiling, we preferentially included two contrasting small and large seed size/ weight chickpea genotypes namely, ICCX-810800 (desi small, 100-seed weight 11 g) and ICC 20268 (kabuli large, 47 g), in the association panel; the F 3 mapping population (ICCX-810800 9 ICC 20268) and tissues of two different seed developmental stages, respectively, are available for these two genotypes. The phenotypic evaluation data specifically for 100-seed weight in the 244 genotypes and genotyping information on 96 genomic microsatellite markers distributed over eight chromosomes/linkage groups (LGs) of chickpea (Winter et al. 1999) were analyzed in PowerCore (Kim et al. 2007 ). To ascertain the phenotypic and genotypic diversity and homogeneity of the constituted association panel, we compared the level of genetic diversity estimated among genotypes with that of the original reference core and minicore collections (Upadhyaya et al. 2008 ) based on the standard genetic diversity coefficient (Nei 1972 ) using PowerMarker V3.51 (Liu and Muse 2005) . Based on the results of these analyses, 244 germplasm lines, including 67 contrasting small and large seed size/ weight desi and kabuli genotypes (with 100-seed weight varying from 5.9 to 57.6 g), representing diverse eco-geographical regions of 29 countries of the world were selected to constitute a seed weight trait-specific association panel in chickpea [Electronic Supplementary Material (ESM) Table S1 ]. Higher phenotypic diversity for 100-seed weight in the association panel comprising 167 desi (5.9-35.4 g) and 77 kabuli (14.4-57.6 g) genotypes was evident and is thus significant for seed weight-specific genetic association analysis in chickpea.
Genic microsatellite marker-based pooled DNA analysis and individual genotyping Total genomic DNA isolated from the 244 genotypes constituting the association panel was purified and the quality (intactness, A 260 /A 280 ) and quantity (concentration) assessed using both spectrophotometric and fluorospectrophotometric assays followed by agarose gel-based visual estimation. After quantification, the high-quality (A 260 /A 280 = 1.8-1.9) and intact genomic DNA isolated from genotypes was diluted to equal concentration of 50 ng/ll for further construction of pools. To construct the DNA pools, the genotypes were first classified into three distinct groups (small, medium and large) separately for each desi and kabuli germplasm based on their 100-seed weight-specific traits. Using this criterion, the equal amount and equal concentration of high-quality genomic DNA isolated from individual genotypes was bulked to constitute the two pools in desi as ''desi small'' and ''desi large'' and another two pools in kabuli as ''kabuli small'' and ''kabuli large'' for initial screening of polymorphic genic microsatellite markers. The four DNA pools of desi and kabuli were quantified and diluted to an equal concentration (50 ng/ll) following the methods described above and used further for the genotyping of genic microsatellite markers.
A selected set of informative 616 genic microsatellite markers was designed from the available geneencoding transcript sequences (Garg et al. 2011 ) of chickpea desi genotype ICC 4958 (ESM Table S2 ). This set includes 321 informative genic microsatellite markers (TFGMS and TFFDMS) developed from the transcription factor (TF) gene-encoding transcripts of ICC 4958 (Kujur et al. 2013) , as well as 295 geneencoding transcript sequence-derived (other than TF genes) microsatellite markers showing in silico polymorphism between ICC 4958 (desi Cicer arietinum) and PI 489777 (wild C. reticulatum) based on variation in the microsatellite repeats. The genomic distribution of these 616 genic microsatellite markers on the chickpea genome was determined (BLAST search at E = 0) based on their physical positions (basepairs, bp) on the corresponding protein-coding genes annotated on the eight chromosomes as per the latest released draft genome pseudomolecule V1.1 (Varshney et al. 2013) . The developed genic markers were amplified by PCR (Jhanwar et al. 2012) in the genomic DNA of four small and large seed size desi and kabuli DNA pools along with the two chickpea genotypes ICC 4958 (Cicer arietinum) and PI 489777 (wild C. reticulatum) as controls. The standard PCR constituents and optimum cyclic conditions (Jhanwar et al. 2012) , except for annealing temperature (depending on the primers used, see ESM Table S2) were used for PCR amplification. The PCR products of each genic microsatellite marker amplified from the four DNA pools were resolved in a 3.5 % metaphor agarose gel-based assay, and their allele-sizing was performed against 50-bp DNA ladder following the protocol described by Wang et al. (2012) and Sham et al. (2002) . The fragment size of alleles amplified by genic microsatellite markers in four DNA pools was confirmed by analysis in an automated fragment analyser using the fluorescent dye-labeled primers following the procedure of Kujur et al. (2013) . A set of genic microsatellite markers showing polymorphism among the four small and large desi and kabuli DNA pools was further validated in individual genotypes that constituted the pools using both a 3.5 % metaphor agarose gel-based assay and the automated fragment analyser. A selected set of well-validated informative fluorescent dye-labeled genic microsatellite markers were genotyped in the association panel using the automated 96 capillary ABI 3730xl DNA Analyser (Applied Biosystems). The actual allele size (bp) and fragment length polymorphism (bp) detected by the genic microsatellite markers among genotypes was determined. The genotyping data on the informative genic microsatellite markers validated in both the gelbased assay and automated fragment analysis was used to estimate the total number of alleles amplified, average polymorphic alleles per marker loci, major and minor allele frequency and polymorphism information content in the association panel employing the PowerMarker ver. 3.51 (Liu and Muse 2005) .
Genetic association analysis
The population structure among the 244 germplasm lines, including 67 contrasting seed weight/size genotypes (constituted association panel), was determined using a selected set of 158 markers, including 62 genic and 96 previously reported genomic microsatellite markers (Winter et al. 1999 ) distributed over eight
LGs/chromosomes of chickpea. For determining the population structure, the marker genotyping information among genotypes (association panel) were analyzed in STRUCTURE (Pritchard et al. 2000) using the methods described by Kujur et al. (2013) . The population structure model representing better relationships among the genotypes using the optimum K (number of populations) was constructed.
For the trait association analysis, the genotyping and population structure data of informative genic and genomic microsatellite markers [minor allele frequency (MAF) [0.05] distributed over eight LGs/ chromosomes of chickpea and 100-seed weight-specific phenotypic information of association panel were analyzed in TASSEL (Trait Analysis by Association, Evolution and Linkage; http://www.maizegenetics. net; Bradbury et al. 2007 ) based on the general linear model (GLM) and mixed linear model (MLM) following the detailed methods described by Kujur et al. (2013) . The genic microsatellite markers showing an association with 100-seed weight in the desi and kabuli genotypes at a significant cut-off P_adjusted value of B0.05 (with 95 % confidence interval) and R 2 value C0.10 were ultimately selected using the combined results of GLM and MLM analyses.
Differential gene expression profiling
The expression profiling of seed weight-specific microsatellite marker-associated genes was performed to correlate the trait association potential of genic microsatellite markers with differential expression profiling. These marker-associated genes along with internal control elongation factor 1-alpha (EF1a) were amplified in the RNA isolated from two different seed developmental stages [early cell division phase during the 10-20 days after podding (DAP) and late maturation phase during the 21-30 days after DAP] of four contrasting small and large seed size/weight chickpea genotypes, namely, ICCX-810800 (desi, 100-seed weight 11 g), ICC 5590 (desi, 5.9 g), ICC 20268 (kabuli, 47 g) and ICC 8155 (kabuli, 57.3 g) using both semi-quantitative and SYBR green chemistrybased real time quantitative reverse transcription (RT)-PCR assays. The expression levels of the seed weight-associated genic microsatellite markers obtained in diverse seed developmental stages of the four contrasting chickpea genotypes were correlated with each other and with the control (leaf at vegetative stage of the respective genotypes). Based on the results of these analyses, we were able to identify those seed weight-specific microsatellite marker-associated genes showing differential expression during seed development in the contrasting chickpea genotypes relative to the leaf. The cDNA and genomic DNA fragments amplified from seed weight-specific microsatellite marker-associated genes in the four contrasting genotypes (ICCX-810800, ICC 5590, ICC 20268 and ICC 8155) were cloned and sequenced in both the forward and reverse directions twice on a capillarybased Automated DNA Sequencer (ABI 3730xl DNA Analyser; Applied Biosystems) using the BigDye Terminator v3.1 Sequencing kit and M13 forward and reverse primers. The high-quality consensus sequences thus obtained for each genic marker were aligned and compared among the four chickpea genotypes to infer the presence of predicted microsatellite repeat-motifs and the correspondence of differential expression profiling with fragment length polymorphisms based on microsatellite repeat length expansion/contraction in these genotypes.
Validation of trait-associated genic microsatellite markers in the bi-parental mapping population
The genic microsatellite markers showing parental polymorphism between desi (ICCX-810800) and kabuli (ICC 20268) were genotyped using the genomic DNA isolated from 94 segregating individuals of a F 3 mapping population (ICCX-810800 9 ICC 20268) to construct a transcript map (genetic linkage map) of chickpea employing the procedures of Kujur et al. (2013) . The genetic map constructed in this study using 113 additional novel transcript sequencederived (other than TF genes) genic microsatellite markers was integrated with our previously constructed transcript map of a similar bi-parental mapping population that included 32 genomic and 96 TF gene-derived microsatellite markers (TFGMS and TFFDMS) (Kujur et al. 2013 ). For performing genetic/QTL mapping, we correlated the integrated genetic linkage map information and genotyping data of 241 genic and genomic microsatellite markers mapped on the eight LGs/chromosomes of chickpea and 100-seed weight/size trait-specific phenotyping information of segregating individuals and parental genotypes using the methods described by Kujur et al. (2013) to identify and map the significant seed weightspecific microsatellite marker-associated genes underlying QTL regions on the chickpea chromosomes. The genetic positions [centiMorgans (cM)] of the seed weight-associated genic microsatellite markers on the eight LGs/chromosomes of chickpea along with their genotyping information in ten each of small (5-15 g) and large (41-50 g) seed size/weight homozygous F 3 individuals and two parental genotypes were visualized in Graphical GenoTypes (Van Berloo 1999) ver. 2.0 to further validate these seed weight-specific microsatellite marker-associated genes by traditional bi-parental linkage mapping.
Gene-specific haplotyping and LD mapping
To obtain a better understanding of the association potential of candidate genes for seed weight, we cloned and sequenced the seed weight-specific microsatellite marker-associated genes of the 244 genotypes belonging to the association panel using the methods described above. The high-quality sequences generated for each gene were aligned among genotypes using the CLUSTALW multiple sequence alignment tool in MEGA 4.0 (Tamura et al. 2011) and the SNP loci were mined. SNP and microsatellite marker genotyping information (MAF [ 0.05) generated in the genes was used to constitute haplotypes and determine haplotype diversity and LD patterns among the desi and kabuli chickpea genotypes. The genic SNP and microsatellite marker-based haplotype genotyping information was further correlated with 100-seed weight-specific phenotypic information of the 244 genotypes for trait association analysis and high-resolution LD mapping using TASSEL as described earlier (Kujur et al. 2013 ). The overall integrated strategies combining the pool-based trait association mapping with differential gene expression profiling, traditional bi-parental linkage mapping and high-resolution gene-specific molecular haplotyping/ LD mapping followed in our study to identify functionally relevant microsatellite markers in the genes controlling seed weight of desi and kabuli chickpea are diagrammatically summarized in a stepwise manner in Fig. 1 .
Results
Constitution and screening of DNA pools with genic microsatellite markers
A new association panel containing 244 germplasm lines, including 67 contrasting small and large seed size/weight desi and kabuli genotypes (with 100-seed weight varying from 5.9 to 57.6 g), was constituted (ESM Table S1 ). These genotypes were phenotyped precisely for 100-seed weight and different seed and pod yield contributing to agronomic traits, including plant height, days to flowering and maturity, pod S1 ). Specifically, the 100-seed weight in the 167 desi and 77 kabuli genotypes of the association panel varied from 5.9 to 35.4 g and from 14.4 to 57.6 g, respectively. The germplams lines of the seed weightspecific association panel were further classified and categorized based on the 100-seed weight (g) of their phenotypes. Five genotypes of each contrasting small and large seed size/seed weight desi and kabuli genotypes were selected from the association panel and grouped as desi small (5.9-9.4 g), desi large (19.2-35.4 g), kabuli small (14.4-23.8 g) and kabuli large (46.7-57.6 g) pools (Fig. 1) . The mean seed weight estimated for the small and large desi pools was 7.2 and 24.7 g, respectively; in comparison, the mean seed weight was 14.2 g in the entire 167 desi association mapping panel. For the 77 kabuli genotypes included in the association mapping panel, the average seed weight was 33.7 g; in comparison, in the small and large kabuli pools, it was 22.1 and 52.7 g, respectively.
The genomic DNA isolated from the four small and large pools of desi and kabuli were genotyped using 616 genic markers, including 321 TF gene-derived microsatellite markers of chickpea (ESM Table S2 ). Of these, 574 (93.2 %) were physically mapped on eight chickpea chromosomes with an average map density of 604.9 kb (ESM Table S3 ; ESM Fig. S2 ). The average marker density varied from 457.8 kb in chromosome 8 (36 markers) to 789.7 kb in chromosome 5 (61). Of the 321 microsatellite markers in the TF genes that produced clear reproducible amplicons with fragments of the expected product size in ICC4958 and PI489777, 94 revealed polymorphism either between the small and large desi pools and/or small and large kabuli pools (at least two combinations of DNA pools) using both the agarose gel-based assay and automated fragment analyser. Similarly, 143 (48.5 %) of the remaining 295 microsatellite markers designed from the gene-encoding transcripts other than TFs showed polymorphism among the four small and large desi and kabuli DNA pools. Remarkably, 227 (70.7 %) microsatellite markers in the TF genes and 152 (51.5 %) markers in the transcripts other than TF genes amplified amplicons of a similar size (bp) and unique single alleles among all the four small and large desi and kabuli DNA pools using both metaphor agarose gel analysis and the automated fragment analyser (Fig. 2a, b) ; these were therefore screened as monomorphic genic microsatellite markers having no potential for seed weight-specific association mapping. Based on the diverse nature of the amplification and polymorphism patterns of the microsatellite markers in the four desi and kabuli pools, we selected 237 (38.5 %) informative genic microsatellite markers. In most of the cases, the screened genic microsatellite markers produced multiple amplicons with more than one allele but they showed clear differentiation either between small and large desi and/or small and large kabuli pools based on fragment length polymorphism in the gel analysis ( Fig. 2c-h ). These selected markers were fluorescent dye-labeled and validated further through automated fragment analysis. The actual allele size amplified by the fluorescent dye-labeled genic microsatellite markers and their fragment length polymorphism among the four desi and kabuli pools were estimated precisely ( Fig. 2c-h ). Using the above screening methods for the DNA pools, the selected 237 informative genic microsatellite markers were subsequently used to validate individual genotype genotyping followed by seed weight-specific association analysis.
Individual genotyping and genetic association mapping
The 237 informative genic microsatellite markers identified using the pool-based assay were genotyped in the genomic DNA isolated from 20 individual genotypes that constituted the four small and large desi and kabuli pools using both the gel-based assay and the automated fragment analyser. The detailed data thus obtained enabled validation of the 88 markers that showed allelic polymorphism between at least two combinations of contrasting small and large seed weight desi and kabuli genotypes based on fragment length polymorphism (bp) in the gel-based assay and precise allele sizing in the automated fragment analyser ( Fig. 3; ESM Fig. S3 ). For example, a microsatellite marker in the DUF3594 TF gene amplifying two differently sized alleles showed a distinct fragment length polymorphism between the desi small (170 bp) and desi large (180 bp) pools in the agarose gel-based assay and in the automated fragment analyser (Figs. 2g, 3a) . The validation of this marker further by the genotyping of individual genotypes in the agarose gel-based assay and the automated fragment analyser revealed the presence of 170-bp alleles specific to the desi small pool in three (60 %) of the five individual genotypes that constituted the desi small pool (Fig. 3a) . Of the remaining two individual genotypes from the desi small pool, one contained 180-bp alleles specific to the desi large pool and another amplified both 170-and 180-bp heterozygous alleles at the marker loci. All five individual genotypes constituting the desi large pool contained the 180-bp alleles specific to the desi large pool as expected (Fig. 3a) . The microsatellite marker in the bZIP TF gene amplifying multiple alleles in the four DNA pools, as shown in the gel-based assay, confirmed the presence of the nine distinct alleles of various fragment sizes in the individual desi and kabuli genotypes constituting the pools as shown by the automated fragment analyser (Fig. 3b) . The Fig. S3A) . Interestingly, the microsatellite marker in the Med15 gene that amplified 166-and 175-bp polymorphic alleles in the four desi and kabuli DNA pools (Fig. 2d) did not show any correspondence with the fragment size of alleles amplified in the individual germplam lines constituting the pools; the later were therefore not considered further for trait association analysis (ESM Fig. S3B ). Another microsatellite marker in the bHLH TF gene amplifying two different polymorphic alleles differentiated the kabuli small pool (161 bp) from the kabuli large pool (149 bp) (Fig. 2h) . Two (40 %) of the five individual genotypes constituting the kabuli small pool amplified the 161-bp alleles specific to kabuli small, while the remaining three genotypes produced 149-bp alleles specific to kabuli large (ESM Fig. S4 ). As per expectation, all of the five individual genotypes constituting the kabuli large pool contained the 149-bp alleles specific to the kabuli large types. Based on the efficiency of the markers to discriminate the contrasting small and large seed weight/size genotypes belonging to each of the desi and kabuli genotypes, the 62 most informative genic microsatellite markers were selected and genotyped in the 244 genotypes of the association panel using the automated fragment analyser for seed weight-specific association analysis. The 62 polymorphic genic microsatellite markers overall detected two to nine alleles (average 4.2 alleles) per locus, with a total of 259 alleles (average PIC 0.76) among the 244 genotypes of the association panel. The MAF per microsatellite marker locus varied from 0.03 to 0.29, with an average of 0.13. For genetic association mapping, the population genetic structure among the 244 genotypes, including 67 contrasting seed weight genotypes of the association panel, based on 62 selected informative genic and 96 genomic microsatellite markers (distributed over eight
LGs/chromosomes of chickpea) was determined using the STRUCTURE with varying levels of K (K = 2-3) with 20 replications. The optimization of K from 2 to 3 revealed that the average estimate of Ln P(D) across 20 independent replication plateaus and also the best replicate giving maximum log likelihood values with a sharp peak was obtained at K = 2. At K = 2, all of the 244 genotypes, including the 67 contrasting genotypes, were classified into two distinct populations, desi and kabuli, with a high-resolution population structure (ESM Fig. S5A and B) that corresponded well with their clustering patterns and genetic relationships as obtained by the neighbor-joining tree analysis. The estimation of molecular genetic variation among and within the two populations based on 158 informative markers revealed a wider level of quantitative genetic differentiation (F ST varied from 0.16 to 0.94 with an average of 0.79) among two population groups. The entire association panel of 244 genotypes, including the 67 contrasting genotypes, clearly belonged to a single population in which about 88.3 % of the inferred ancestry was derived from one of the model-based populations and the remaining approximately 11.7 % contained admixed ancestry.
The genetic association analysis was performed by correlating the marker genotyping data of the 62 most informative genic microsatellite markers with 100-seed weight-specific phenotypic information of the 244 phenotypically and genotypically diverse genotypes/ association panel (based on population genetic structure). The combined results of GLM and MLM identified seven microsatellite markers in the TF genes, namely, bZIP (basic leucine zipper), DUF3594 (domain of unknown function), bHLH (basic helix-loop-helix), GRAS [gibberellic acid insensitive (GAI)-repressor of GAI (RGA)-SCARECROW (SCR)], SBP (squamosa promoter-binding protein), DUF1635 and NAC (no apical meristem-arabidopsis transcription activation factor-cup shaped cotyledon), that showed a significant association with 100-seed weight at P B 0.00001 (R 2 0.19-0.37 (Table 1) in the desi and kabuli chickpea genotypes. In particular, the genic microsatellite markers in the 5 0 untranslated region (UTR) sequence components of the bZIP and DUF3594 TF genes showed strong seed weight-specific association potential (significant at P B 0.00001, R 2 0.33-0.37) as compared to that obtained by two microsatellite markers (P B 0.001, R 2 0.19-0.26) in the coding DNA sequence (CDS) of the TF genes (bHLH and GRAS). The remaining three seed weight-specific microsatellite markers in the TF genes (SBP, DUF1635 and NAC), which were identified in our previous study using an association panel of 96 genotypes (Kujur et al. 2013) , showed a higher association potential (P B 0.0001, R 0.32-0.35) for seed weight than the two microsatellite marker-associated TF genes (bHLH and GRAS) in the present study. The favorable (abundant) common/rare allelic variants detected by the seven trait-associated markers in our constituted association panel was measured based on MAF that varied from 0.16 to 0.23 with a mean of 0.18.
The estimation of marker allele effects in the four trait-associated TF genes revealed the overall strong effect of these marker alleles on increasing seed weight in both desi and kabuli chickpea (ESM Fig.  S6 ). The microsatellite marker in a strong traitassociated DUF3594 TF gene that amplified 180-bp alleles increased seed weight by 2.6-fold in 116 (69.5 %) of the 167 desi genotypes analysed. Similarly, a strong marker allele effect was evident for a trait-associated bZIP TF gene that amplified 157-bp alleles in 109 desi genotypes and 172-and 181-bp alleles in 24 and 37 kabuli genotypes, respectively, with increased seed weight (2.8-2.9-fold) (ESM Fig.  S6 ). Higher marker allele effects were also observed for 149-and 156-bp alleles amplified by the two microsatellite markers in the trait-associated bHLH and GRAS TF genes, with observed increased seed weight of 1.4-and 1.5-fold in 55 (71.4 %) and 58 (75.3 %) of the 77 kabuli genotypes, respectively. The remaining seed weight-specific microsatellite markers in three TF genes (SBP, DUF1635 and NAC) also showed similar strongly biased marker allele effects on increasing (two-fold) seed weight in kabuli genotypes (ESM Fig. S6 ). The results overall indicate that the strong and differential effects of the microsatellite marker alleles of seven TF genes on seed weight contributed to their higher and varied seed weightspecific genetic association potential in desi and kabuli chickpea.
Differential expression profiling of seed weightspecific marker-associated genes To validate the seven TF genes showing an association with seed weight more comprehensively through differential expression profiling, we amplified the four microsatellite marker-associated genes in two different seed developmental stages of the four contrasting small and large seed size/weight desi and kabuli genotypes (ICCX-810800, ICC 20268, ICC 5590 and ICC 8155) by semi-quantitative and quantitative RT-PCR assays. Three of these microsatellite markerassociated TF genes (bZIP, DUF3594 and DUF1635) showed differential expression specifically in seeds in contrast to vegetative leaf tissues of four genotypes. The microsatellite marker containing the (AG) 10 repeat-motif in the 5 0 UTR of a strong seed weightassociated (R 2 = 0.33, P \ 1.6 9 10 -5 ) DUF3594 TF gene revealed an upregulated pattern of expression (10.7-14.4-fold) specifically in the seed developmental stages of two contrasting large seed size/weight kabuli genotypes (ICC 20268 and ICC 8155) (Fig. 4a) . Similarly, a microsatellite marker-carrying gene showed upregulation (at least 1.4-fold) in the seed developmental stages of two small seed size/weight desi genotypes (ICCX-810800 and ICC 5590). In contrast, we observed a differential upregulation (18.5-23-fold) and downregulation (1.3-1.4-fold) pattern of expression of a microsatellite marker containing the (GAA) 18 repeat-motif in the 5 0 UTR of a strong seed weight-associated (R 2 = 0.37, and P \ 1.1 9 10 -5 ) bZIP TF gene in large (ICC 20268 and ICC 8155) and small (ICCX-810800 and ICC 5590) seed size/weight genotypes during seed development, respectively (Fig. 4b) . The microsatellite marker carrying the (CTA) 6 repeat-motif in the 5 0 UTR of the seed weight-associated DUF1635 TF gene was downregulated (3.6-fold) during seed development in the contrasting large seed size kabuli genotypes ICC 20268 and ICC 8155 (ESM Fig. S7A ). The two microsatellite markers containing the (AATAAC) 5 and (TAG) 7 repeat-motifs in the CDS of the seed weight-associated bHLH and GRAS TF genes, respectively, did not show differential up-and down-regulation in the seed developmental stages of the four small and large seed size/weight desi and kabuli chickpea genotypes (ESM Fig. S7B, C) .
The sequencing of cloned cDNA and genomic DNA amplicons from the seven seed weight-specific microsatellite marker-associated TF genes in ICCX-810800, ICC 20268, ICC 5590 and ICC 8155 revealed the presence of the expected microsatellite repeatmotif sequences, but a variable number of microsatellite repeat-units, particularly in the 5 0 UTRs of three genes (DUF3594, bZIP and DUF1635) between the small seed size desi (ICCX-810800 and ICC 20268) and large seed size kabuli (ICC 5590 and ICC 8155) genotypes (ESM Fig. S8A, B) . Interestingly, the two microsatellite markers in the CDS of the TF genes (bHLH and GRAS) which did not show differential expression during seed development contained similar microsatellite repeats between the small seed size desi (ICCX-810800 and ICC 20268) and large seed size kabuli (ICC 5590 and ICC 8155) genotypes (ESM Fig.  S9A, B) . The remaining seed weight-specific microsatellite marker-associated SBP and NAC TF genes, including the differentially expressed DUF1635 gene showing fragment length polymorphism between small and large seed size/weight desi and kabuli genotypes (as demonstrated in our previous study; Kujur et al. 2013) , contained variable microsatellite repeats in the 5 0 UTR and CDS sequence components of these genes. The detailed comparison of sequences from the strong seed weight-associated and differentially expressed microsatellite marker carrying the DUF3594 TF gene revealed the occurrences of a variable number of microsatellite repeats (AG) 10 and (AG) 15 in the 5 0 UTR of this gene amplifying 170-and 180-bp alleles between the small seed size/weight desi (ICCX-810800 and ICC20268) and large seed size kabuli (ICC5590 and ICC8155) genotypes, respectively (ESM Fig. S8A ). Likewise, we observed the presence of (GAA) 18 and (GAA) 23 microsatellite repeat-motifs in the 5 0 UTR of a strong seed weight/ size-associated and differentially expressed microsatellite marker-carrying bZIP TF gene amplifying 157-and 172-bp alleles between small seed size/weight desi (ICCX-810800 and ICC20268) and large seed size/weight kabuli (ICC5590 and ICC8155) genotypes (ESM Fig. S8B ). These observations implied a significant correlation between the expansion/contraction of repeat-units in the 5 0 UTR sequence components of seed size/weight-specific microsatellite marker-associated TF genes and differential expression profiling in the genes during seed development in contrasting chickpea genotypes. As a result, the transcriptional activity of the target TF gene might be altered during seed development in contrasting small and large seed size/weight desi and kabuli chickpea genotypes.
Validation of seed weight-associated genes by biparental linkage mapping An integrated intra-specific genetic linkage map using genotyping information on 32 parental polymorphic genomic (Winter et al. 1999 ) and 209 genic microsatellite markers [including 96 TF gene-derived microsatellite markers (Kujur et al. 2013 ) and 113 new transcript sequence-derived microsatellite markers in this study] assayed in 94 segregating individuals of a F 3 mapping population (ICCX-810800 9 ICC 20268) was constructed. This map contained a total of 241 microsatellite markers, including 209 genic microsatellite markers across eight LGs/chromosomes of chickpea (ESM Fig. S10 ) based on their corresponding physical positions on the chromosomes and common parental polymorphic genomic microsatellite marker positions and groupings shared between the corresponding eight LGs as documented in previous studies (Winter et al. 2000; Nayak et al. 2010; Gaur et al. 2011; Gujaria et al. 2011; Kujur et al. 2013) . The integrated chickpea transcript map comprising the eight LGs/chromosomes covered a total map length of 843.5 cM with an average inter-marker distance of 3.5 cM (ESM Table S4 ). The genetic mapping using 100-seed weight-specific phenotyping information (100-seed weight varied from 5.4 to 49.6 g and showed a normal frequency distribution with a quantitative genetic inheritance pattern) of segregating individuals of a F 3 mapping population identified and mapped two major significant QTLs (CaqSW1.1 and CaqSW1.2) on chromosome 1 (LOD threshold [4.0, P \ 0.05) (explained total phenotypic variance: R 2 = 28.6-34.7 %) and one QTL (CaqSW2.1) on chromosome 2 (R 2 = 23.5 %) based on composite interval mapping (ESM Fig. S11 , ESM Table S5 ). The identified QTLs exhibited dominance as well as additive effects to increased seed weight (2.1-2.8-fold), particularly kabuli (ICC20268)-specific alleles (ESM Table S5 ). The target seed weight-specific QTL regions identified on chromosomes 1 (73.5-74.5 and 79.3-81.3 cM) and 2 (65.7-67.5 cM) spanned nine gene (DUF1635, NAC, SBP, bZIP, DUF3594, ARF, EF, DUF1635 and helicase)-based microsatellite markers. Three microsatellite markers in the TF genes SBP, DUF1635 and NAC correspond to the QTL region (73.5-74.5 cM) on chromosome 1 reported by Kujur et al. (2013) , and two TF gene (bZIP and DUF3594)-derived microsatellite markers present in another novel QTL region (79.3-82.7 cM) on chromosome 1 (identified in this study); all had strong seed weight-specific association potential in chickpea. To further validate the traitassociated TF genes in bi-parental mapping population, the 11 polymorphic microsatellite markers in the genes (seven seed weight-associated TF genes and four other genes identified exclusively through QTL mapping; ESM Fig. S12 ) were genotyped in ten of each small and large seed size/weight homozygous F 3 individuals along with parental desi ICCX-810800 and kabuli ICC0268 genotypes. The marker allele effects of nine of these gene (DUF1635, NAC, SBP, bZIP, DUF3594, ARF, EF, DUF1635 and helicase)-derived microsatellite markers specific to small seed size/weight desi and large seed size/weight kabuli corresponded with the seed weight phenotypes of 18 of the 20 small and large seed size/weight homozygous F 3 individuals, showing an overall 90 % validation success rate of trait-associated genes in the bi-parental mapping population (ESM Fig. S12 ). For example, the 170-and 180-bp alleles specific to the small and large seed size/weight ICCX-810800 and ICC20268 amplified by the seed weight-associated DUF3594 TF gene, respectively, were present in 18 of the 20 small (100-seed weight 5.4-13.6 g) and large (41.2-49.6 g) seed weight homozygous F 3 mapping individuals. Similarly, the seed weight-associated bZIP TF gene amplifying 157-and 172-bp alleles specific to small and large seed size/weight genotypes, respectively, were matched with phenotypes of 18 of the 20 small and large seed size/weight homozygous F 3 mapping individuals (ESM Fig. S12 ). In contrast, alleles specific to small and large seed size/weight genotypes amplified by two other seed weight-associated TF genes (bHLH and GRAS)-derived microsatellite markers revealed a biased distribution and did not correspond to the phenotypes of the 20 small and large seed size/weight homozygous mapping individuals. Therefore, the five seed weight-specific potential microsatellite markerassociated TF genes (bZIP, DUF3594, DUF1635, SBP and NAC) validated by association analysis, traditional bi-parental linkage mapping and differential expression profiling were selected as target candidates for controlling seed weight in desi and kabuli chickpea.
High-resolution gene-specific haplotyping and LD mapping
For determining the seed weight-specific association potential of the seven identified genes, including the five most informative TF genes more precisely, we performed high-resolution molecular haplotyping and LD mapping using different combinations of amplified microsatellite marker alleles and SNPs mined in the corresponding genes among the 244 chickpea genotypes constituting the association panel. The cloned amplicon sequencing of seven seed weight-associated TF genes among these 244 genotypes mined a total of 50 SNP loci in 12,600-bp sequences with an average SNP frequency of 1/252 bp (Table 1; Fig. 5 ). The average nucleotide diversity and mean PIC value estimated for the 50 SNP loci carrying the seven TF genes among the association panel was p = 3.8 9 10 -3 bp and 0.43, respectively. The haplotype analysis using the microsatellite (26 alleles) and SNP (50 SNP loci) marker genotyping information among the association panel constituted 13-24 haplotypes in each TF gene amplicon (Table 1 ; Fig. 5 ) with a higher haplotype-based nucleotide diversity (mean p = 3.9 9 10 -3 ) and PIC values (varied from 0.47 to 0.83 with an average of 0.64). The use of SNP-microsatellite marker haplotypes identified in the seven TF genes in the genetic association analysis revealed a strong association of the DUF3594 gene, followed by the bZIP, DUF1635, SBP, NAC, bHLH and GRAS genes, with 100-seed weight in desi and kabuli genotypes (P B 5.8 9 10 -4 , R 2 = 0.22-0.45 (Table 1) . However, strong marker allele/haplotype effects in the seven trait-associated TF genes on increasing seed weight implies that these genes have a high trait association potential for seed weight/size in desi and kabuli chickpea.
The determination of LD estimates (r 2 ) and extent of LD decay using all possible pair-combinations of microsatellite-SNP marker haplotypes within the seven seed weight-associated TF genes revealed higher LD estimates and extended LD decay (r 2 C 0.1) of up to 1,000-bp of the sequenced region of these genes in the desi and kabuli association panel. However, a decreasing trend of LD decay overall in the genes with increases in the sequenced region (bp) was observed. The strong trait-associated DUF3594 and bZIP TF genes (R 2 0.40-0.45 and P = 0.8-1.2 9 10 -6 ), with their increased seed weight-specific marker allele/haplotype effects, particularly in desi and kabuli genotypes, displayed a significant LD with extended LD decay which persisted at a high level (P \ 0.001; r 2 0.25-0.96) across the entire 1,000-bp sequenced region of these genes based on 13-24 microsatellite-SNP haplotypepairs (Fig. 5a, b) . The marker haplotype-based LD mapping in three TF genes (bHLH, GRAS and NAC) revealed low LD estimates that uncovered their whole sequenced regions (Fig. 5c, d ) and also decayed LD faster than that of strong trait-associated DUF3594 TF gene, resulting in a relatively low association potential of these three genes for seed weight in the contrasting desi and kabuli chickpea genotypes. The microsatellite-SNP haplotype-pairs constituted in the remaining two seed weight-associated DUF1635 and SBP TF genes (association potential P \ 1.6 9 10 -5 , R 2 = 0.39-0.43) showed an extended high level of LD decay that covered the entire sequenced regions of these genes. The overall results indicated that highresolution molecular haplotyping and LD mapping in the TF genes which combined both informative microsatellite and SNP markers explained a larger proportion of the phenotypic variance than did that of individual markers; thus, the former have a significant impact on the high seed weight trait-specific association potential in chickpea. Henceforth, molecular haplotyping/LD mapping in the TF genes could be an attractive, rapid and expedient approach for quantitative trait association mapping and genetic dissection of complex traits such as seed weight/size in chickpea.
Discussion
Whole genome and candidate gene-based association mapping is a rapid, efficient and well-established approach for identifying genes/QTLs, as well as for controlling complex quantitative traits in many crop species. However, microsatellite marker-based trait association mapping requires large-scale genotyping and phenotyping of individual genotypes/association panel by high-throughput platforms and consequently, is commonly associated with high costs in terms of resources and time. The ''pool-based trait association mapping'' approach has been proposed as an alternative rapid and cost-effective means to circumvent these difficulties. This approach has been extensively utilized in humans and, more recently, in plants for whole genome association mapping to identify markers associated with genes/QTLs for complex quantitative traits, such as diseases in humans and plant height and saccharification yield in sorghum (Bansal et al. 2002; Sham et al. 2002; Craig et al. 2005; Pearson et al. 2007; Steer et al. 2007; Abraham et al. 2008; Baum et al. 2008; Shifman et al. 2008; Kirov et al. 2009; Diergaarde et al. 2010; Earp et al. 2011; Wang et al. 2011 Wang et al. , 2012 . In our study, we have applied this strategy to screen four DNA pools of 20 individual genotypes with contrasting small and large seed weight/size phenotypes in desi and kabuli chickpea with gene-derived microsatellite markers instead of genotyping all of the 244 genotypes of an association panel. Further, we have validated the polymorphic informative markers identified based on pooled DNA analysis by performing both a genotyping assay in the 20 individual genotypes constituting the pools and the candidate gene-based association analysis using the entire 244 seed weight trait-specific association panel.
The genotyping of four DNA pools [small desi (5.9-9.4 g), large desi (19.2-35.4 g), kabuli small (14.4-23.8 g) and kabuli large (46.7-57.6 g)] with 616 genic microsatellite markers, including 321 TF gene-derived microsatellite markers, using the gelbased assay and automated fragment analyser enabled us to screen a large proportion (379, 61.5 %) of monomorphic microsatellite markers which did not differentiate any of these four contrasting trait-specific pools from each other. The correspondence of the monomorphic amplification pattern obtained for genic microsatellite markers in the DNA pools between the gel-based assay and automated fragment analyser suggests that the 3.5 % metaphor agarose gel assay is sufficiently efficient to resolve monomorphic amplicons from the pooled DNA and for rapid initial screening of the microsatellite markers, producing monomorphic amplification in the DNA pools of chickpea. Such a contrasting trait-specific DNA pool screening strategy in gel-based assays using genic microsatellite markers could be useful particularly in crop species showing low intra-and inter-specific polymorphism and, thereby, avoid the extensive costs in terms of time, resources and labour involved in genotyping monomorphic microsatellite markers which are ultimately of no or minimal use for trait association mapping. The remaining 237 (38.5 %) microsatellite markers in the genes which were identified to be informative based on their diverse amplification and fragment length polymorphism patterns among the four small and large desi and kabuli DNA pools were validated further in 20 contrasting individual genotypes constituting the pools using both the gel-based assay and the automated fragment analyser. Based on the correlation between marker genotyping information for an individual genotype and the potential of the marker for discriminating the contrasting small and large seed size/weight desi and kabuli genotypes in the gel-based assay and automated fragment analyser, we selected the 62 (10.1 %) most informative gene-derived microsatellite markers for their further utilization in candidate gene-based association mapping using the 244 genotypes of the association panel. By integrating the two approaches, namely, screening of DNA pools with contrasting seed weight traits using the genic microsatellite markers and further genotyping of individual germplam lines constituting the pools with screened polymorphic markers in desi and kabuli chickpea, we were able to screen 554 (89.9 %) markers of a total of 616 markers that had very little significance in seed weight-specific association mapping. This result indicates the efficiency of such integrated DNA pooling and individual germplasm line genotyping strategies in reducing the costs, labour and time involved in high-throughput genotyping of a larger set of microsatellite markers. This approach has further utility in the rapid screening of informative and polymorphic microsatellite markers to expedite both qualitative and quantitative trait association mapping not only in chickpea but also in many other crop species.
The determination of population genetic structure for an association panel is essential to minimize the false positive rate in trait association mapping (FlintGarcia et al. 2003) . Our analysis of population structure using 158 microsatellit markers, including 62 informative genic and 96 genomic microsatellite markers, distributed over eight LGs/chromosomes classified the 244 chickpea genotypes (association panel) into two major genetically distinct desi and kabuli population groups. The results indicated that the association panel used in the study is a structured population and thus has utility in seed weight-specific association mapping. Higher population differentiation among the two chickpea population groups based on pairwise F ST revealed a broad range of F ST value, from 0.16 to 0.94, with an average of 0.79, indicating the utility of genic microsatellite markers in establishing the distinctness and providing an understanding of the functional molecular diversity pattern in the expressed sequence component of the genome specifically with regard to seed weight characteristics in desi and kabuli chickpea. The approximately 11.7 % admix ancestry among the two population groups reflected their complex breeding history involving inter-crossing and introgression among contrasting genotypes coupled with different strong adaptive selection pressure during domestication. The close evolutionary relationships between the small seed size desi and large seed size kabuli genotypes was expected based on earlier documented morphological (Robertson et al. 1997) , cytological (Ahmad 2000) , biochemical (Toker et al. 2006 ) and molecular studies (Kazan and Muehlbauer 1991; Sethy et al. 2006; Redden and Berger 2007; Shan et al. 2007; van der Maesen et al. 2007; Upadhyaya et al. 2008; Choudhary et al. 2009; Toker 2009; Bharadwaj et al. 2011) .
The candidate gene-based association analysis based on integration of the genotyping and population structure data of 158 microsatellite markers with the seed weight-specific phenotyping information of 244 chickpea genotypes (association mapping panel) enabled us to identify microsatellite markers in seven TF genes (including three earlier reported TF genes; DUF3594, bZIP, bHLH, GRAS, SBP, DUF1635 and NAC) that were associated (P B 0.00001, R 2 = 0.19-0.37) with 100-seed weight in the desi and kabuli genotypes. The seven markers with a MAF of [15 % identified in the TF genes were validated both by GLM and MLM methods in TASSEL and thus suggest the robustness and reliability of identified genic microsatellite markers for seed weight-specific association analysis in desi and kabuli genotypes. The strong marker allele effect of four trait-associated TF genederived microsatellite markers on increasing seed weight (1.7-2.9-fold) in contrasting desi and kabuli genotypes was evident. The one microsatellite marker in the DUF3594 TF gene and three microsatellite markers in the SBP, DUF1635 and NAC TF genes had a strong marker allele effect on increasing seed weight in desi and kabuli, respectively. The one microsatellite marker in the bZIP TF gene revealed strong allele effects on increasing seed weight in both desi and kabuli chickpea. The differential effects of marker alleles on seed weight in contrasting desi and kabuli germpalsm lines contributed to varied seed weightspecific association potential of microsatellite markers in the TF genes. For example, the stronger kabulispecific microsatellite marker allele effect of the DUF3594 TF gene and both desi and kabuli-specific allele effects of the bZIP gene on increasing seed weight resulted in a higher seed weight-specific association potential (P B 0.00001, R 2 0.33-0.37) of these two genes in contrast to the other five TF genes (P B 0.001, R 2 0.19-0.26). Taking into account the effect/dependency of MAF on marker-trait association (Ehrenreich et al. 2009; Bergelson and Roux 2010; Huang and Han 2014) , we observed a[18 % MAF for seven trait-associated TF gene-derived microsatellite markers in our constituted association panel. This result implies the presence of an appreciable frequency of minor alleles and favourable common/rare allelic variants detected by these markers in the association panel. Therefore, seed weight/size-specific association potential (explaining C19 % of phenotypic variance) estimated for seven TF gene-derived microsatellite markers in our study is non-spurious and reliable.
These observations reflected that using the poolbased seed weight trait-specific association mapping, we could screen a large proportion of monomorphic and less informative genic microsatellite markers (609, 98.9 %) rapidly and efficiently to delineate informative and polymorphic markers (1.1 %, 7) in those TF genes showing a strong genetic association potential with seed weight in desi and kabuli genotypes. Application of the genic microsatellite markerbased trait association mapping approach in chickpea has been limited due to its low intra-specific polymorphism, specifically among desi and kabuli genotypes, which ultimately leads to high costs in terms of resources, labour and time when screening sufficient informative markers and carrying out high-throughput genotyping of numerous polymorphic markers among a larger set of genotypes. Therefore, the development of the pool-based trait association mapping strategy demonstrated successfully in our present study for identifying microsatellite markers in those TF genes associated with seed weight in desi and kabuli genotypes is significant. In addition, the use of a cost-effective pooling strategy means that a large number of microsatellite markers can be genotyped initially in pools and subsequently in individual genotypes/whole association panel with less time and labour, which will increase association mapping resolution, resulting in an enhanced possibility of rapidly identifying genes/QTLs for important agronomic traits in chickpea. Therefore, the pool-based strategy will not only expedite the application of candidate gene-based association mapping but also whole genome association genetics in a wide range of crop plants, including legumes, using both genic and genomic microsatellite markers. However, the DNA pooling strategy has certain limitation in terms of the constitution of individual trait-specific pools for each trait targeted in the association study. Consequently, this approach is likely to be less resource efficient with increasing number of target traits for marker-trait association study in a well-characterized association panel, which is generally used for unravelling the genetic association potential of markers for a number of agronomic traits.
Several recent reports have correlated the trait association potential of functional marker loci present in different coding and regulatory sequence components of the genes with their differential expression profiling in starch biosynthesis (Kharabian-Masouleh et al. 2012) , grain size (GS3, Mao et al. 2010; GS5, Li et al. 2011 ) and heading date (Ghd7; Lu et al. 2012 ) genes in rice and in genes encoding chlorophyll A/Bbinding protein in barley (Xia et al. 2012 ). In addition, the expansion and contraction of microsatellite repeats in the 5 0 UTR of genes have a significant effect in regulating gene expression and thus affecting the process of transcription and/or translation for many traits, including cancers and neuronal diseases in humans (Tidow et al. 2003; Li et al. 2004) , amylose content in rice (Bao et al. 2002) , quality protein in maize (Dresselhaus et al. 1999 ) and light and salicylic responses in Brassica (Zhang et al. 2006) . In the present study, the strong association potential of microsatellite markers in the 5 0 UTRs of three TF genes (DUF3594, bZIP and DUF1635) and the correlation of these markers with a differential upand down-regulated pattern of gene expression during seed development and fragment length polymorphism based on variable number repeats between contrasting small desi (ICCX-810800 and ICC5590) and large kabuli (ICC20268 and ICC8155) seed size/weight chickpea genotypes suggested the functional relevance of such identified microsatellite markers in the TF genes for seed weight trait association in chickpea. The differential transcriptional activity and regulation of the bZIP TF gene during the seed developmental process and the interaction of this gene with the main regulators of seed development B3/HAP (heme associated protein) domains has been documented previously in many plant species (Nijhawan et al. 2008; Agarwal et al. 2011) , including legumes (Udvardi et al. 2007 ). However, the functionally uncharacterized DUF3594 TF gene, which shows a higher homology with another TF PHD (plant homeo domain) finger at the protein level, has a potential role during seed development in crop plants, including legumes (Müssig et al. 2000; Udvardi et al. 2007; Agarwal et al. 2011 ). The remaining two TF genes (bHLH and GRAS) with seed weight-associated microsatellite markers in the CDS did not show differential expression during seed development and fragment length polymorphism based on microsatellite repeat-unit variations between small desi and large kabuli genotypes studied. Further, the validation of five seed weight-associated TF gene (DUF3594, bZIP, SBP, DUF1635 and NAC)-derived microsatellite markers by traditional bi-parental linkage mapping/ QTL mapping, as well as in 90 % homozygous F 3 mapping individuals and two parental desi ICCX-810800 and kabuli ICC 20268 genotypes (with contrasting seed size/weight phenotypes), based on their specific marker allele effects in small and large seed size/weight desi and kabuli re-emphasizes the efficacy and broader applicability of these five identified genic microsatellite markers in governing seed weight in chickpea. It also suggests the utility of using integrated approaches of candidate gene-based association mapping, differential expression profiling and traditional bi-parental linkage mapping to delineate the most suitable functionally relevant microsatellite markers in the TF genes controlling the seed weight in desi and kabuli chickpea.
The extensive LD estimate and extended LD decay expected in chickpea, in contrast to other domesticated self-pollinated crop species, are due to its low interand intra-specific polymorphism and insufficient and non-uniform marker coverage on the chickpea genome. Consequently, the candidate gene-based association analysis will be of great significance in trait association mapping in chickpea (Haseneyer et al. 2010; Huang et al. 2010; Zhao et al. 2011; Varshney et al. 2012 ). The candidate gene-based association analysis approach using a higher number of microsatellite-SNP marker haplotype pairs (13-24) identified in seven seed weight-associated TFs enhanced the overall LD resolution and trait association potential of these genes for seed weight in desi and kabuli chickpea genotypes. This result suggests that there is a correlation between LD patterning and trait association potential with the marker density required in these genes. Despite our identification of a higher number of SNP-microsatellite marker haplotypes (24) in the bZIP TF gene, the analysis showed a lower seed weight-specific association potential in this gene than in the DUF3594 gene carrying only 13 haplotypes of the 244 genotypes of the association panel. This variation could be due to the effect of factors other than marker density, such as population genetic structure and adaptive selection pressure of the association panel, on shaping the overall LD resolution and trait association potential in these genes. Among the seven TF genes, the three differentially expressed TF genes, namely, DUF3594, bZIP and DUF1635, and one seed weight-specific SBP TF gene (validated by QTL mapping) demonstrated extended LD coverage throughout its 1,000 bp sequenced region, thus enhancing its overall association potential (P \ 1.2 9 10 -6 and R 2 = 0.45) for seed weight in desi and kabuli chickpea. The utility of microsatellite-SNP marker haplotype-based trait association analysis and the integration of this analysis with transcriptomics for the identification of the most appropriate genes/QTLs controlling diverse phenotypic traits have already been demonstrated in humans (Amos et al. 2010 ) and also in diploid and polyploid crop species, including rice (Konishi et al. 2006) and Brassica (Harper et al. 2012) . However, the large-scale validation of such strong seed weight-associated TF genes in a natural and/or mapping population through association genetics and/or traditional bi-parental linkage (QTL) mapping, respectively, is of relevance in desi and kabuli chickpea that needs further systematic experimentation by assaying high-throughput microsatellite and SNP marker genotyping information.
The cost-effective and less time-consuming poolbased trait association mapping strategy implemented in the present study by integrating DNA pooling with individual germplasm line genotyping has been shown to be efficacious for the rapid identification of seven microsatellite markers in those TF genes (bZIP, DUF3594, bHLH, GRAS, SBP, DUF1635 and NAC) associated with seed weight/size in desi and kabuli chickpea. The further validation of these genic markers identified through large-scale candidate genebased association mapping by traditional bi-parental linkage mapping, differential expression profiling and high-resolution gene-specific microsatellite-SNP marker haplotyping/LD mapping enabled us to identify the most informative and functionally relevant microsatellite marker in four TF genes (DUF3594, bZIP, DUF1635 and SBP) controlling seed weight in desi and kabuli chickpea. The integrated pool-based trait association mapping, differential gene expression profiling, bi-parental linkage mapping and molecular haplotyping/LD mapping approach developed in this study, therefore, is an efficient method for screening functional microsatellite markers for rapidly establishing marker-trait association and identifying genes for many qualitative and quantitative traits of agricultural importance in crop species, including chickpea.
